CCR5 is the primary chemokine receptor utilized by HIV to infect leukocytes, whereas CCR5 ligands inhibit infection by blocking CCR5 engagement with HIV gp120. To guide the design of improved therapeutics, we solved the structure of CCR5 in complex with chemokine antagonist [5P7]CCL5. Several structural features appeared to contribute to the anti-HIV potency of [5P7]CCL5, including the distinct chemokine orientation relative to the receptor, the near-complete occupancy of the receptor binding pocket, the dense network of intermolecular hydrogen bonds, and the similarity of binding determinants with the FDA-approved HIV inhibitor Maraviroc. Molecular modeling indicated that HIV gp120 mimicked the chemokine interaction with CCR5, providing an explanation for the ability of CCR5 to recognize diverse ligands and gp120 variants. Our findings reveal that structural plasticity facilitates receptor-chemokine specificity and enables exploitation by HIV, and provide insight into the design of small molecule and protein inhibitors for HIV and other CCR5-mediated diseases.
In Brief
HIV utilizes chemokine receptors to enter cells whereas chemokines block entry. Zheng et al. solved the structure of a chemokine inhibitor of HIV in complex with the HIV coreceptor, CCR5. Along with principles of receptor-chemokine recognition, the structure shows how HIV mimics CCR5-chemokine interactions, and suggests strategies for inhibitor design.
INTRODUCTION
Shortly after the discovery that the G protein-coupled receptor (GPCR) CCR5 serves as a coreceptor that enables HIV to infect cells, it was recognized that its endogenous ligands, including CCL5, could function as HIV entry inhibitors by blocking the engagement of the HIV glycoprotein, gp120. However, native chemokines are not efficient inhibitors, in part because they only bind with high affinity to the subpopulation of CCR5 that is G protein-coupled, whereas HIV gp120 is indiscriminate (Colin et al., 2013; Jin et al., 2014) . Capitalizing on knowledge that N-terminal modifications can alter chemokine pharmacological properties and binding affinity (Proudfoot et al., 1996; Simmons et al., 1997) , efforts to identify more potent chemokine-based HIV inhibitors ensued. Such inhibitors included CCL5 analogs identified by phage display and selected for high-affinity receptor binding (Gaertner et al., 2008) , with one of them currently under pre-clinical development as a topical inhibitor of HIV Dorgham et al., 2016) . To guide the design of improved CCR5 inhibitors, and to understand how they compete with gp120, the molecular interactions between these CCL5 variants and CCR5 need to be understood.
However, structure determination of GPCRs and particularly complexes with protein ligands is challenging (Qin et al., 2015) . As a consequence, only two structures of receptor-chemokine complexes have been reported, that of human CXCR4 in complex with a viral chemokine antagonist, vMIP-II (Qin et al., 2015) , and viral chemokine receptor US28 in complex with the human chemokine CX3CL1 (Burg et al., 2015) . Additional structures are needed that are purely human in origin, and representative of the four different chemokine subfamilies (CXC, CC, CX3C, and XC) to explain receptor-chemokine recognition specificity (Qin et al., 2015) . Structures are also needed to understand how chemokines stabilize different receptor functional states, and the molecular basis for biased signaling by different ligands of the same receptor (Scholten et al., 2012; Steen et al., 2014) .
Taking advantage of the high affinity, G protein-independent nature of one of the engineered CCL5 variants, the potent anti-HIV antagonist [5P7]CCL5 (Gaertner et al., 2008) , herein we successfully solved the structure of this chemokine with CCR5 (Gaertner et al., 2008) . While maintaining an architecture consistent with the general concepts of ''the two-site model'' (Scholten et al., 2012) , the structure revealed interaction epitopes not predicted by the model and not observed in the two previously solved receptor-chemokine structures (Burg et al., 2015; Qin et al., 2015) . In contrast to the other two structures, each of which contains a viral component with broad specificity across human chemokine subfamilies, the CCR5-[5P7]CCL5 structure represents a human receptor-chemokine complex where both ligand and receptor are specific to a single (CC) subfamily. The structure provided insight into receptor-chemokine recognition and signaling, as well as HIV inhibition, and also suggested clever mechanisms by which gp120 mimics chemokine interactions with CCR5.
RESULTS

Engineered [5P7]CCL5 Forms Stable Complexes with CCR5 That Are Amenable to Crystallization
To understand the molecular basis for their exceptional anti-HIV potency, several N-terminally modified CCL5 variants from the phage-display study (Gaertner et al., 2008) were selected as potential candidates for crystallization with CCR5. The variants were coexpressed with CCR5 in insect cells, the complexes were purified, and their thermostabilities determined by differential scanning fluorimetry (DSF) (Alexandrov et al., 2008) . From this screen, a complex between CCR5 with an intracellular loop 3 (ICL3) rubredoxin fusion ( (Tan et al., 2013) , referred to as CCR5) and the antagonist variant [5P7]CCL5 (containing a 10-residue N-terminal sequence 0-QGPPLMALQS-9 in place of the 9-residue sequence 1-SPYSSDTTP-9 in WT CCL5) emerged as having one of the highest melting temperatures (Tm z68 C, Figure S1A ).
[5P7]CCL5 also co-eluted with CCR5 during purification, indicative of its slow dissociation rate from the receptor, and the complex was monodisperse by analytical size-exclusion chromatography ( Figure S1B ). It crystallized in lipidic cubic phase (Figures S1C-S1F), and the structure was determined to 2.2 Å resolution. Data collection and refinement statistics are shown in Table S1 .
In the CCR5-[5P7]CCL5 complex structure, CCR5 adopted the canonical topology of a GPCR with seven transmembrane (TM) helices connected by three extracellular and three intracellular loops (ECL and ICL, , and an eighth helix parallel to the membrane on the intracellular side. Its extracellular N terminus was connected to ECL3 via a conserved disulfide bond that is critically important for chemokine function (Blanpain et al., 1999; Howard et al., 1999) . A second disulfide, highly conserved in Class A receptors, linked helix III to the base of the b-hairpin-shaped ECL2.
[5P7]CCL5 had the characteristic tertiary structure of CC chemokines, with a flexible N terminus stapled to the globular core via two intramolecular disulfide bonds ( Figure 1D ). The globular core sat on the extracellular side of CCR5, cradled by the receptor N terminus and extracellular loops, while the chemokine N terminus penetrated the binding pocket of the receptor ( Figure 1A ). With the exception of S68 and the sidechain of M67, all chemokine residues were well-resolved in the electron density ( Figures 1B and 1D ). As expected from prior pharmacological characterization of [5P7]CCL5, CCR5 in the complex showed clear signatures of an inactive conformation (Dalton et al., 2015) .
The Structure Reveals Receptor-Chemokine Interaction Epitopes Beyond the Two-Site Model CCR5-[5P7]CCL5 and the two previously solved receptor-chemokine complex structures, US28-CX3CL1 and CXCR4-vMIPII (Burg et al., 2015; Qin et al., 2015) , share three interaction epitopes that are emerging as conserved elements of receptor-chemokine architecture: (1) chemokine recognition site 1 (CRS1), where the N terminus of the receptor binds to the groove CCL5 with residues 0-9 and the 30s-loop residues shown as sticks. The electron density of the Fo-Fc omit maps is shown and contoured at 3s for the engineered N terminus (gray mesh) and 30s-loop (green mesh), respectively. See also Figure S1and Table S1. between the N-loop and 40s-loop of the chemokine (see Figure 1D for nomenclature); (2) CRS2, where the flexible N terminus of the chemokine reaches into the TM domain of the receptor; and (3) the intermediate CRS1.5, where the conserved 19-PC-20 (Pro19-Cys20) motif of the receptor packs against the conserved disulfide of the chemokine (Figure 2A) . The geometry and hydrogen-bonding pattern in CRS1.5 is similar between all three complexes ( Figure 2B ), where it serves as an anchor point that orients the receptor N terminus into the CRS1 binding groove on the chemokine while simultaneously directing the chemokine N terminus into the CRS2 receptor binding pocket.
Further analysis demonstrated that CRS1.5 acted as a pivot between CRS1 and CRS2, and despite its structural uniformity in the three complexes, enabled a unique arrangement and interactions between CCR5 and [5P7]CCL5. Although the N-termini of all three chemokines penetrated the receptor binding pocket to similar depths, the globular core of [5P7]CCL5 was tilted down toward receptor ECL2, thus sitting much deeper in the binding pocket (4 Å and 7 Å deeper than CX3CL1 and vMIPII, respectively, Figure 2C ) and resulting in RMSDs of 10.2 Å and 15.6 Å relative to CX3CL1 and vMIPII, respectively. In this deep-seated pose, [5P7]CCL5 buried 1700 Å 2 of surface area (compared to 1300 Å 2 for both CX3CL1 and vMIPII) ( Figures   2D-2F ). As part of this buried interface, the chemokine b 1 -strand tightly packed against ECL2 of the receptor, while the 30s-loop was submerged into the receptor binding pocket where it directly interacted with helix V and activation-associated helices VI and VII ( Figure 2D ). These interaction epitopes have not been previously observed in receptor-chemokine structures. For example, in US28-CX3CL1, the chemokine 30s-loop was much higher in the pocket and packed against ECL2 of the receptor ( Figure 2E ), and in CXCR4-vMIPII, it made almost no contacts with the receptor ( Figure 2F ). The US28-CX3CL1 and CXCR4-vMIPII structures also showed no interactions involving the chemokine b 1 -strand, unlike CCR5-[5P7]CCL5 ( Figures 2D-2F ). These differences reflect the ability of the chemokines to pivot around CRS1.5 and differentially engage the receptor ECLs, which might be key for the specificity of receptor-chemokine recognition.
Extensive Hydrophobic and Polar Interactions in CRS2 Explain High Affinity of [5P7]CCL5
The engineered N terminus of [5P7]CCL5 was observed to bind in the receptor CRS2-the wide, polar binding pocket that is conventionally divided into the minor subpocket (helices I-III and VII) and the major subpocket (helices III-VII) ( Figures 3A-3C ). The conformation and interactions of that N terminus were dramatically different from both the CXCR4-vMIPII and US28-CX3CL1 complexes ( Figure S2 ). The proximal N-terminal residues 4-LMAL-7 (Leu4, Met5, Ala6, and Leu7) of [5P7]CCL5 were found to form a loose helix and to pack against the top parts of receptor helices I and II in the minor subpocket . The distal N terminus (residues 0-pGluGPP-3 containing pGlu0, the cyclized pyroglutamate form of 0, followed by Gly1, Pro2, and Pro3) occupied the bottom of the CRS2 pocket, running roughly parallel to the membrane plane, and spanned both the minor and the major subpockets of CCR5, with pGlu0 reaching toward helices V and VI ( Figures 3B and 3C , Figures S2A-S2D ). This binding mode spatially overlapped and resembled that of Maraviroc, the FDA approved HIV entry inhibitor (Tan et al., 2013) (Figures 3D and 3E) , although there were important differences as well. A comparison of the residue contact patterns of Maraviroc and the distal N terminus of the chemokine is shown in Figure S3 .
[5P7]CCL5 induced a more compact conformation of CCR5 than Maraviroc (Figures 3B and 3D ). Both ECL2 and the N terminus closed onto the binding pocket, and the extracellular parts of helices I and VII were brought together to block the bilayerdirected channel ( Figures 3B and 3D ) observed in antagonistbound structures of CCR5 (Tan et al., 2013) and the closely homologous CCR2 (Zheng et al., 2016) . In this differently shaped binding pocket, the distal N terminus of [5P7]CCL5 made numerous steric contacts, including docking of P2 under the receptor ECL2 (not utilized by Maraviroc, Figure 3D ), and stacking of P3 against the p-system of Y108 3.32 ( Figures 3A and 3B , the superscript indicates receptor residue number according to Ballesteros-Weinstein nomenclature (Ballesteros and Weinstein, 1992) Figure 3E ), but was not utilized by [5P7]CCL5 ( Figure 3C ). Overall, this structural comparison suggested possibilities for rational structure-based optimization of both molecules. Despite its highly apolar nature, the N terminus of [5P7]CCL5 made 15 hydrogen bonds to CCR5, eleven of which were mediated by six visible waters (Figures 3F and 3G, and Table S2 ). In fact, with the exception of G1, every N-terminal residue of [5P7]CCL5 was involved in hydrogen bonding with the receptor: the non-polar residues 0-pGluGPPLMAL-7 through their backbones, and the polar 8-QS-9 through both backbones and sidechains ( Figures 3F and 3G ). Residues Q8 and S9 also appeared to contribute to the closure of the receptor binding pocket by simultaneously hydrogen bonding to E172 and S179 in CCR5 ECL2 and to the backbone of K22 in its N terminus. E283 7.39 , which resides at the boundary between the minor and the major subpocket of CCR5 (also utilized by Maraviroc), hydrogen bonded to four chemokine residues: L4 (directly), and P2, M5, and A6 (through water molecules). Consistent with this data, [5P12] CCL5, a variant with one-residue difference from [5P7]CCL5, showed an 80-fold loss of HIV inhibitory potency against CCR5 containing an E283 7.39 A mutation (Choi et al., 2012) .
Altogether, the observed extensive hydrophobic, direct polar, and water-mediated interactions between the receptor and the chemokine appeared to contribute to the high affinity of [5P7]CCL5. The water-mediated contacts might also enable efficient recognition of other, diverse natural and engineered chemokine sequences by CCR5 (Steen et al., 2014) , and contribute to their signaling capacity and bias. Visible water molecules also continued from the receptor-binding pocket into the TM domain where they appeared to play a role in stabilizing the inactive conformation (Figure 4 ), similar to the inactive state structures of the adenosine A 2A and d-opioid receptors (Fenalti et al., 2014; Liu et al., 2012) . . The b 1 -strand interaction is virtually absent from both US28-CX3CL1 (E) and CXCR4-vMIPII (F) complexes. The chemokine 30s-loop contacts ECL2 in the US28-CX3CL1 complex (E) but shows almost no interaction in the CXCR4-vMIPII complex (F). See also Figure S2 . docking domain for the receptor N terminus (CRS1) that provides binding affinity, whereas the chemokine N terminus is the signaling trigger that engages the receptor binding pocket (CRS2). In the CCR5-[5P7]CCL5 structure, however, integral parts of the globular core (the chemokine N-loop, b 1 -strand, and 30s-loop) were found to interact with the TM domain of the receptor in ways not predicted by the two-site model.
The 30s-loop (30-TSGKCSNPA-38) was submerged in the binding pocket ( Figure 5A and 2D) where it contributed to CRS2 interactions. Chemokine residues F12 (N-loop), F28 (b 1 -strand), and P37 (30s-loop) mediated aromatic p-stacking interactions with the ECLs of the receptor (the backbone amide of N268-C269 in ECL3, the side-chain of Y187 at the helix V-ECL2 junction, and the backbone amide of E172-G173 at the tip of ECL2, respectively), and served to orient the 30s-loop into the receptor-binding pocket ( Figure 5A ). There, the 30s-loop made extensive polar contacts including 17 hydrogen bonds, 12 of which were mediated by 5 water molecules ( Figure 5B and Table S2 ). This orientation enabled [5P7] CCL5 residue K33 to reach toward receptor helix VII where it formed a salt bridge with D276
7.32 , while simultaneously hydrogen-bonding (through the backbone) to N258 6.58 in helix VI ( Figures 5A and 5B).
To confirm that the observed N-loop (F12) and 30s-loop (K33) residues are indeed important for high-affinity binding of [5P7]CCL5 to CCR5, we mutated them and tested the mutants for their ability to stabilize CCR5 using DSF (Alexandrov et al., 2008) . As shown in Figure 5C , K33L and K33G mutations destabilized the complex by more than 10 C relative to ''WT'' [5P7]CCL5. Substitution of F12 with an Ala (but not Tyr) decreased the melting temperature of the complex to the level of the apo receptor. These data suggested that the N-loop and 30s-loop epitopes are important for the affinity between CCR5 and [5P7]CCL5.
Although [5P7] CCL5 is an antagonist, these interactions also appear to play critical roles in the context of the endogenous agonist, WT CCL5. Mutation of F12 in CCL5 caused a 5,000-fold reduction in binding affinity and a >90% reduction in calcium flux (Table S3) (Pakianathan et al., 1997) , demonstrating the importance of F12 stacking against the extracellular loop connecting the activation-associated helices VI and VII of CCR5. The equivalent of F12 is also found in other endogenous ligands Tables S2-S4. of CCR5 (CCL3 and CCL4, Figure S4 ), and at least in the case of CCL4, mutation to Ala almost completely abrogates signaling (Laurence et al., 2000) .
In contrast to F12, modifications of K33 strongly modulate chemokine signaling and anti-HIV potency with only mild impact on binding affinity. Acetylation of K33 completely abrogates signaling of WT CCL5 (Martin et al., 2001) , while a K33L mutation in the CCL5 variant, PSC-RANTES, produces a $30-fold loss in signaling potency, a significant loss of ability to internalize CCR5, and a remarkable 1000-fold loss in anti-HIV potency, all while showing only a $6-fold loss in binding affinity. On the contrary, introduction of a lysine (L33K) in the homologous position of an N-terminally modified CCL4 variant produces no change in binding affinity but leads to $10-fold improvement in signaling potency, significant improvement in internalization capacity, and $200-fold improvement in anti-HIV potency (Gaertner et al., 2008) . The structure suggested that this occurs through loss (or, in the case of CCL4 L33K, gain) of interactions with D276 7.32 in the activation-associated CCR5 helix VII. Corroborating this hypothesis, substitution of an Ala for CCR5 residue D276 7.32 also causes a significant loss of CCL5 binding and signaling (Navenot et al., 2001; Thiele et al., 2011) (Table S4 ). These findings suggest that the N-loop and 30s-loop interactions are not only important affinity determinants, but that they also play roles in signaling and the anti-HIV capacity of chemokines. Therefore, for some receptor-chemokine systems, it might be possible to optimize chemokine affinity and pharmacology by engineering mutations outside of the chemokine N terminus. More broadly, our findings demonstrate that chemokine signaling is not confined to its N terminus, which has been the existing paradigm for many years.
Modeling of CCR5 with WT CCL5 Provides Insight into Receptor Sulfotyrosine Recognition and Activation
Next, we sought to gain insight into the interactions of CCR5 with WT agonist chemokine CCL5 through modeling (see STAR Methods). Such models would facilitate structure-based interpretation of a large body of mutagenesis data on CCR5-CCL5 (Tables S3 and S4 ). As presented in the previous section, the crystallographically observed interactions and mutagenesis of the globular core of [5P7]CCL5 were in striking agreement with prior mutagenesis of WT CCL5 (Figures 5A-5C,  Tables S3 and S4 ). Along with other architectural features conserved among receptor-chemokine complexes (Figure 2 ), this suggested that the orientation of the globular core of WT CCL5 with respect to CCR5 is similar to that of [5P7]CCL5. On the other hand, the details of both CRS2 and CRS1 interactions of CCR5 with WT CCL5 were uncertain and could benefit from modeling: the former (CRS2) because of N-terminal sequence differences and the agonist nature of CCL5 and the latter (CRS1) because the sulfotyrosinated N terminus of the receptor was disordered in the crystal structure.
The predicted CRS1 interactions between CCR5 and WT CCL5 (also relevant for CCR5-[5P7]CCL5) are shown in Figures  6A were previously shown to be important for CCL5 binding (Bannert et al., 2001; Navenot et al., 2001) . Similarly, CCL5 40s-loop residues K45 and R47 were demonstrated to be important for CCR5 activation (Martin et al., 2001 ) and chemotaxis (Proudfoot et al., 2003) . Finally, our CRS1 models were in , and two water molecules (orange) participate in sodium coordination.
agreement with studies of the N-loop residues I15 and L19 (Figure 6A) , which showed an 8-fold and >5,000-fold reduction in affinity for CCR5 upon mutation (Pakianathan et al., 1997) . By contrast with CRS1, CRS2 interactions were expected to show the greatest structural differences between the CCR5-[5P7]CCL5 and CCR5-CCL5 complexes, because (1) WT CCL5 is an agonist and (2) the N-terminal sequence of WT CCL5 is primarily polar (1-SPYSSDTTP-9) while that of [5P7]CCL5 is primarily non-polar (0-pGluGPPLMALQS-9). Nevertheless, the model suggested some important similarities as well. Both peptides followed a similar helical path into the receptor pocket. CCL5 P2 packed under ECL2 of the receptor and just above receptor residues Y108 (Kondru et al., 2008) on the affinity of the CCR5-CCL5 complex (Tables S3 and S4 ). As in the [5P7]CCL5 complex, the backbone of WT CCL5 was within hydrogen bonding distance from CCR5 residue E283 7.39 (Figures 6F and 6G) , which is consistent with a 20-fold reduction in CCR5-CCL5 affinity (Kondru et al., 2008) and the significant decrease in CCL5-induced receptor activation (Thiele et al., 2011) with an E283 7.39 A mutant (Table S4 ). Notwithstanding the above similarities, N-terminal sequence differences between WT CCL5 and [5P7]CCL5 dictated different interactions with the receptor. The sidechain of WT CCL5 S1 formed a hydrogen bond with receptor S180 ECL2 , while the sidechains of Y3, S5, and D6 participated in an intricate network engaging receptor residues Y37 With the exception of P2, mutations of individual residues in the CCL5 N terminus have modest effects (0%-60% decrease) on CCR5 binding and signaling (Table S3) . Furthermore, high affinity and even agonist activity can be achieved with many N-terminal residue combinations (Gaertner et al., 2008) , which contrasts with the more strict signaling requirements of e.g., CXCR4-CXCL12 (Hanes et al., 2015) . The tolerance to chemokine N-terminal substitutions might be due to the extensive use of hydrogen bonding and water-mediated interactions, as reflected in the [5P7]CCL5-bound structure and the CCL5-bound model.
Although CCL5 modeling was performed in the context of the inactive receptor structure, it suggested structural determinants of receptor activation. By comparison with the [5P7]CCL5-bound structure, these determinants appeared to involve the interaction of Y3 and D6 of the chemokine with a cluster of CCR5 minor pocket residues including the polar network of K26 (Wescott et al., 2016) . In particular, a bulky residue in chemokine position 3 and polar residues in positions 4-7 are found in almost all agonist CCL5 variants from the 2008 phage display study (Gaertner et al., 2008) , whereas in most potent antagonists (including [5P7]CCL5), residue 3 is a Pro and residues 4-7 are bulky hydrophobics unable to engage in the minor pocket polar network (Figures S4B and Tables S2 and S3. S4C). Also corroborating the important role of the helix I and VII cluster in CCL5 signaling, CCR5 A29 1.31 S does not efficiently bind CCL5 or promote a chemotactic response (Howard et al., 1999) . Finally, residue Y37
1.39 has not been studied in the context of CCL5-induced signaling but CCR5 mutant Y37 1.39 A shows no chemotactic response to CCL3 (Hall et al., 2009) .
Overall, despite the fact that the CCR5-[5P7]CCL5 complex is an inactive state structure, using it as a template enabled a more complete and accurate CCR5-CCL5 model than could be achieved using more distant templates (Tamamis and Floudas, 2014) . The model showed consistency with a large body of mutagenesis data, and provided insight into the activation of CCR5 by CCL5 in CRS2 and interactions of sulfotysosine residues in CCR5 with CCL5 in CRS1. The CCR5-CCL5 model and the modeling-enhanced CCR5-[5P7]CCL5 structure also provided a basis for considering the interaction of CCR5 with gp120.
The Interaction of gp120 with CCR5 Mimics the Two-Site Architecture of CCR5-Chemokine Complex We next sought to use the structure and models in the context of prior mutagenesis studies to gain insight into the mechanisms by which CCR5 interacts with HIV gp120, and to better understand how chemokines inhibit this interaction. The determinants of CCR5 recognition of gp120 are concentrated in its 3 rd variable (V3) loop as well its 4 th conserved (C4) region (Table S5 and Figures S5A-S5C ). The interaction is dependent on the sulfo-tyrosinated N terminus of the receptor (CRS1). In fact, isolated sulfopeptides containing CCR5 residues D2-E18 or Y10-E18 bind gp120 (JRFL strain) with appreciable affinity (Cormier et al., 2001) , and alanine mutations of CCR5 N-terminal residues Y10, D11, Y14, Y15, S17, and E18 (Blanpain et al., 1999; Doranz et al., 1997; Dragic et al., 1998; Farzan et al., 1998; Rabut et al., 1998) , as well as elimination of sulfation on Y10 or Y14 (Cormier et al., 2000) , abrogate or strongly reduce binding and CCR5-mediated cell entry for numerous R5-tropic HIV strains (Table  S6) . As demonstrated by binding experiments with a sulfated N-terminal CCR5 peptide (residues D2-E18), the CRS1-mimicking interaction depends on basic and other polar residues in the gp120 C4 region and in the ''stem'' part of the V3 loop (Figures S5C-S5E ) (Cormier and Dragic, 2002; Cormier et al., 2001 (F and G) Predicted polar interactions of the distal N terminus (residues 1-3, (F)) and the complete N terminus (residues 1-9, (G)) of CCL5 with receptor residues. Direct and water-mediated receptor-chemokine hydrogen bonds are shown in black and cyan, respectively.
(F) presents a view identical to (D). (G) is the ''front'' view, identical to (E).
See also Figure S4 , Tables S3 and S4 and Data S1. 2001; Rizzuto and Sodroski, 2000; Rizzuto et al., 1998) and are likely recognized by CRS2 ( Figures S5C-S5E ).
The two-site architecture suggested by these experiments (Cormier and Dragic, 2002 ) is similar to that of receptor-chemokine complexes. Specifically, it appears that the basic residues in the V3 stem and C4 of gp120 bind the sulfated N terminus of CCR5 (thus mimicking the CRS1 interaction) and that the V3 crown of CCR5 reaches into the TM binding pocket of CCR5 (CRS2). This latter CRS2-mimicking interaction critically depends on the conserved P311 in the V3 crown (Cormier and Dragic, 2002; Cormier et al., 2001) (Figures S5D and S5E) , as well as on CCR5 residue Y108 3.32 (Tam et al., 2016; Garcia-Perez et al., 2011; Maeda et al., 2006) at the base of the CRS2 pocket ( Figure 3A ). Based on these findings, we hypothesized that gp120 P311 interacts with CCR5 Y108 3.32 in the same manner as P2 of both WT CCL5 and [5P7]CCL5 ( Figure 3A , Figure 6C , and Figure S5E ). Guided by these insights, we constructed an ensemble of models of CCR5-gp120 complexes ( Figure 7A , see STAR Methods) with gp120 sequences from commonly used R5-tropic strains (YU2, JRFL, and KNH1135, Figure S5E ). By (E and F) Among chemokine crystallized with receptors, [5P7]CCL5 is unique in its ability to entirely fill the binding pocket of CCR5 (E). By contrast, binding of CX3CL1 to US28 (PDB: 4XT1) (F) or vMIPII to CXCR4 (PDB: 4RWS) (G) leads to only partial occupancy of the pocket, with much of the major subpocket remaining accessible (yellow contours). Receptors are shown as cut-away surfaces, chemokines as simplified cut-away surfaces and ribbons. See also Figure S5 , Tables S5 and S6. contrast with earlier predictions (Tamamis and Floudas, 2014; Tan et al., 2013) , our docking simulation included not only the V3 loop itself but also the C4 region ( Figures S5C and S5D) . As with receptor-chemokine recognition, the models suggested numerous possible orientations of the folded core of gp120 with respect to the receptor TM domain ( Figure 7A ). Conformational variation was achieved though remarkable flexibility of both the V3 stem and receptor N terminus. However, all predicted geometries were consistent with the two-site architecture of the complex ( Figure 7B ) and with the membrane orientation of an open, CD4-bound gp120 trimer ( Figure S5 ). Models alternatively suggested interaction of (1) Figure 7C ). The latter binding mode parallels V3 interactions with ''V2'' that has been described as a mimic of CCR5 (Cimbro et al., 2016) . In some high-scoring models, the N terminus of CCR5 (residues I9-sY14) folded into an a-helix ( Figures 7C and 7D ) as previously predicted based on peptide NMR in the presence of gp120 (Huang et al., 2007) . In CRS2, gp120 P311 V3crown packed under the receptor ECL2 and just above Y108
3.32 ( Figure 7C ), whereas the critically important polar residue Q/R313 in the GPG[RQ] motif at the tip of the V3 crown formed a polar network with E283 7.39 and Q280 7.36 , the latter also indispensable for gp120 entry (YU2 and 89.6 strains) (Farzan et al., 1998) . Overall, steric feasibility of the model and its consistency with receptor and gp120 mutagenesis suggested that CCR5-gp120 largely mimics chemokine interactions and utilizes similar recognition epitopes of the receptor, including CRS1 and CRS2 ( Figures 7B and 7D) .
DISCUSSION
The present structure of CCR5 with a potent chemokine inhibitor of HIV entry elucidated the architecture, motifs, and epitopes explored by this receptor when binding to diverse ligands. It revealed an ''extended two-site'' architecture as a versatile, structurally adaptable framework that enables receptor interactions not only with distantly homologous chemokines but with unrelated proteins such as gp120. The structure also suggested that the interaction versatility in CRS2 is dependent on the polar nature of the receptor TM pocket and is aided by networks of direct and water-mediated hydrogen bonds. The resulting binding pocket plasticity might play to the advantage of gp120 by enabling productive CCR5-mediated viral fusion to be triggered by a diverse repertoire of gp120 sequences.
HIV gp120 appears to creatively utilize the extended twosite architecture to mimic chemokines in its interactions with the receptor. Therefore, it is not surprising that chemokines can function as HIV entry inhibitors. But not all chemokines are created equal; in fact, WT CCL5 and other endogenous chemokine agonists are rather weak inhibitors while engineered variants like [5P7]CCL5 can be exceptionally potent. This is despite current evidence suggesting that WT CCL5 and [5P7]CCL5 share many similarities in the way they interact with CCR5.
The reason for the poor anti-HIV properties of endogenous agonist chemokines lies partly in their conformational selectivity, as they only bind with high affinity to the subpopulation of receptors that is G protein-coupled, whereas gp120 is indiscriminate and targets the entire receptor pool (Colin et al., 2013) . This drawback can be alleviated with chemokine N-terminal engineering. Indeed, efforts to improve anti-HIV potency resulted in numerous chemokine variants that appear to act through two distinct mechanism: one mediated by receptor internalization and sequestration (such variants are frequently receptor agonists, e.g., [PSC]CCL5), and another by high-affinity binding to the entire CCR5 population and thus by competitive inhibition of gp120 (such variants are typically receptor antagonists, e.g., [5P12]CCL5) (Colin et al., 2013) .
The crystallized variant [5P7]CCL5 is highly similar, both in its sequence (one amino acid difference) and its pharmacology, to [5P12]CCL5, and therefore likely acts through this latter competitive displacement mechanism. The current study provided insight into the structural basis of its high-affinity antagonism and potency against HIV. The antagonist affinity determinants included packing of the bulky hydrophobic residues 4-7 of [5P7]CCL5 in the minor subpocket of the receptor with simultaneous extension of the engineered pGlu0 into the major subpocket, both reminiscent of Maraviroc. At the same time, the polar residues in the proximal N terminus of the chemokine (Q8 and S9, absent in WT CCL5) ensured closure of the extracellular parts of the receptor and engagement of ECL2 residues critical for gp120 interaction (like E172 ECL2 [Maeda et al., 2006; Tam et al., 2016] ). Finally, immersion of the [5P7]CCL5 30s-loop along with its N terminus into the receptor binding pocket effectively filled it ( Figures 7E-7G ) and completed the gp120 blockade.
Our biochemical experiments revealed a slow rate of [5P7]CCL5 dissociation from CCR5, which likely contributes to its anti-HIV potency. Slow off-rate is also a defining feature of Maraviroc (Swinney et al., 2014) . However, [5P7]CCL5 might have additional advantages over Maraviroc with respect to the development of HIV drug resistance. In response to prolonged exposure to Maraviroc, gp120 accumulates mutations that allow it to utilize Maraviroc-bound CCR5 for entry, by relying more heavily on interactions outside the CRS2 pocket of the receptor (Roche et al., 2016; Tilton et al., 2010) . Such resistance mutants would be unlikely to evolve in the presence of [5P7]CCL5 challenge (Nedellec et al., 2011) because, as the structure and models demonstrate, [5P7]CCL5 occupies virtually all epitopes required for gp120 binding ( Figure 7E ). The structure showed that regions other than the chemokine N terminus can be engineered for the development of highly effective HIV entry inhibitors and suggested ways in which small molecules such as Maraviroc can also be further optimized.
Our findings have broad implications with respect to principles of receptor-chemokine recognition, which become apparent by comparison of CCR5-[5P7]CCL5 with the structures of CXCR4-vMIP-II and US28-CX3CL1. The different orientations of the chemokines with respect to their receptors, and the exclusive involvement of the 30s-loop in the receptor binding pocket and N-loop in ECL interactions in the CCR5-[5P7]CCL5 complex, illustrate potential mechanisms for recognition specificity and fine-tuning of signaling properties. The dense network of waters observed in the CCR5-[5P7]CCL5 interface might also be a common characteristic of chemokine complexes, and play a role in the ability of selected receptors to accommodate and differentially signal in response to multiple chemokine ligands (Steen et al., 2014) . Because CCR5 is involved not only in HIV but also in many inflammatory diseases and cancer (Martin-Blondel et al., 2016; Weitzenfeld and Ben-Baruch, 2014) , its structures with diverse small molecule and chemokine ligands provide important insight into strategies for developing drugs against these diseases.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Spodoptera frugiperda (Sf9) cells (ATCC, CRL-1711) were used to produce recombinant CCR5-[5P7]CCL5. The cells were maintained in ESF 921 Protein-Free Insect Cell Culture Medium (Expression systems, 96-001-01) at 27 C with shaking at 140 rpm, and passaged every 72 hr. Sf9 cells were obtained from and authenticated by ATCC. Sex of cells is not relevant.
METHOD DETAILS
Overview of CCR5-Chemokine Complex Screening Pipeline In broad overview, N-terminally modified variants of CCL5 were coexpressed with engineered CCR5 in Sf9 cells, and the complexes were purified by TALON affinity chromatography through a His tag on the receptor. To identify complexes suitable for crystallization trials, the purified samples were analyzed by SDS-PAGE gel for the presence and abundance of co-purified chemokine, by analytical size exclusion chromatography to evaluate complex homogeneity, and by differential scanning fluorimetry to determine relative thermostabilities. Details follow in the next sections.
Design of CCL5 Expression Construct
Eleven potent anti-HIV variants of CCL5 from the phage display study by (Gaertner et al., 2008) were cloned and characterized: 5P1, 5P2, 5P3, 5P4, 5P7, 5P9, 5P12, 6P4, 6P10, 7P17, and 7P19. To ensure proper processing and secretion of the chemokine variants, the expression constructs were designed to contain the signal sequence of human CCL25 (MNLWLLACLVAGFLGAWAPAVHT). The design capitalized on the fact that all studied chemokine variants contained QG as the first two amino acids, as does CCL25. Plasmid construction was carried out in two steps as follows: First, three fragments were ligated together-fragment A (two annealed oligonucleotides coding for the signal peptide and QGPP with 5 0 BamHI and 3 0 NcoI cutting site overhangs), fragment B (amplified CCL5 coding sequence from residue C10 to S68 plus a stop codon, with 5 0 NcoI and 3 0 XhoI overhangs), and fragment C (pFastBac1 vector (Invitrogen), linearized by double digestion with BamHI and XhoI). Next, the resulting plasmid was used to insert the variable sequences after QGPP and before C10 using the SLIM method (Chiu et al., 2008) . For crystallization, an additional modification to the best-behaving constructs involved insertion of a 10XHis tag at the C terminus of the chemokine coding sequence to reduce its loss during purification. The final CCL5-5P7 expression vector contained in order: the CCL25 signal sequence, the [5P7]CCL5 open reading frame (ORF) of the mature chemokine sequence, a 3C protease cutting site (LEVLFQGP) and a 10XHis tag all under the control of polyhedron promotor in pFastbac1. All final expression vectors were verified by sequencing.
Design of the CCR5 Expression Construct
The expression construct for CCR5 was the same one used to solve the Maraviroc bound structure (Tan et al., 2013) . In order from 5 0 to 3 0 , it contains a cleavable signal sequence from influenza hemagglutinin (HA signal sequence, encoding MKTIIALSYIFCLVFA), the CCR5-rubredoxin ORF containing 4 stabilizing mutations (C58Y, G163N, A233D, K303E) as described in (Tan et al., 2013) , a 3C protease cleavage site, a 10xHis tag and a FLAG tag followed by a stop codon, all under the control of the polH promoter. All final expression vectors were verified by sequencing.
Coexpression in Sf9 Cells
The generation of high-titer recombinant baculovirus (> 10 9 viral particles per mL) was achieved using the Bac-to-Bac Baculovirus Expression System (Invitrogen). Initial transfection was carried out by adding a pre-mixture containing 5 mL recombinant target gene bacmid, 3 mL of Xtreme Gene Transfection Reagent (Roche) , and 100 mL of Transfection Medium (Expression Systems) into 2.5 mL of Sf9 cells at a density of 1.2 3 10 6 cells/mL. Cell suspensions were incubated at 27 C for 96 hr with shaking. P0 viral stocks were then isolated by centrifugation and used to seed P1 viral stocks. Viral titers were quantified by flow cytometry following cell staining with PE-conjugated anti-gp64 antibody (Expression Systems). Sf9 cells at a density of 2-2.6 3 10 6 cells/mL were co-infected with P1 virus of both CCR5-rubredoxin and chemokine, each at an MOI of 5. Biomass was harvested by centrifugation between 44 and 48 hr post infection and stored at À80 C until further use.
Purification of CCR5-Chemokine Complexes
Biomass was thawed and lysed in hypotonic buffer A (10 mM HEPES pH 7.5, 10 mM MgCl 2 , 20 mM KCl, and EDTA-free protease inhibitor cocktail (Roche) ). Purified membranes were prepared by repeated (4 3 ) dounce homogenization of the samples (40 strokes per round) followed by centrifugation at 50,000 3 g at 4 C for 30 min. Membrane pellets were resuspended in buffer A during round 1-2 and in a high salt buffer B (buffer A plus 1 M NaCl) during rounds 3-4. Following the last centrifugation, membranes were resuspended and homogenized in hypotonic buffer A supplemented with 30% glycerol (v/v) and flash-frozen for storage at À80
C until further use.
CCR5-chemokine complexes were purified with a one-step Talon affinity chromatography method using the His-tag on the receptor (in the initial construct screening) or on both the receptor and the chemokine (for the final crystallization studies). Washed membranes were resuspended in buffer containing 2 mg/ml iodoacetamide, and EDTA-free complete protease inhibitor cocktail tablets, and incubated at 4 C for 1 hr before solubilization. The membranes were then solubilized in equal volumes of 2X Buffer C (50 mM HEPES pH 7.5, 400 mM NaCl, 1% (w/v) n-dodecyl-b-d-maltopyranoside (DDM, Anatrace), 0.2% (w/v) cholesteryl hemisuccinate (CHS, Sigma)) at 4 C for 3 hr. The supernatant was isolated by centrifugation at 50,000 3 g for 30 min, and incubated with TALON IMAC resin (Clontech) overnight at 4 C. After binding, the resin was washed with ten column volumes of Wash I Buffer (50 mM HEPES pH 7.5, 400 mM NaCl, 10% (v/v) glycerol, 0.1% (w/v) DDM, 0.02% (w/v) CHS, 10 mM imidazole), followed by four column volumes of Wash II Buffer (50 mM HEPES pH 7.5, 400 mM NaCl, 10% (v/v) glycerol, 0.02% (w/v) DDM, 0.004% (w/v) CHS, 50 mM imidazole). The protein was then eluted with three column volumes of Elution Buffer (50 mM HEPES pH 7.5, 400 mM NaCl, 10% (v/v) glycerol, 0.02% (w/v) DDM, 0.004% (w/v) CHS, 250 mM imidazole). PD MiniTrap G-25 columns (GE Healthcare) were used to remove imidazole. Complexes were then treated overnight with His-tagged 3C protease (produced in house) to cleave the C-terminal His-tag and Flag-tag on the receptor and His-tag on the chemokine. 3C protease and the cleaved C-terminal tag fragments from both receptor and the chemokine were removed by binding to TALON IMAC resin for 2 hr at 4 C and collecting the flow through. The final protein complex was concentrated to approximately 40 mg/mL using a 100 kDa MWCO Amicon concentrator (Millipore).
Screening and Characterization of CCR5-Chemokine Complexes
Complexes were analyzed for their thermostability, which was quantified by a differential scanning fluorimetry assay adapted from a previous publication (Alexandrov et al., 2008) using a RotorGene Q 6-plex RT-PCR instrument (QIAGEN). Briefly, for a 20 mL assay volume, 1-5 mg of protein was mixed with 3 mM 7-diethylamino-3-(4 0 -maleimidylphenyl)-4-methylcoumarin (CPM) dye (2.5 mM stock in DMSO) in 25 mM HEPES pH 7.5, 400 mM NaCl, 0.02% DDM, 0.004% CHS, 10% glycerol. After a 5 min incubation at room temperature, the samples were gradually heated from 28 C to 90 C at a rate of 0.8 C/ min, with CPM fluorescence (excitation 365 nm, emission 460 nm) recorded every 1 C. The melting temperature (T m ) was determined from the first derivative of the denaturation curve, using Rotor-Gene Q -Pure Detection software (version 2.0.3).
[5P7]CCL5 was selected for crystallization based on its ability to stabilize CCR5-rubredoxin to a high T m (68 C). The complexes were further analyzed for homogeneity by analytical size exclusion chromatography using a Sepax SRT-C 300 column.
Lipidic Cubic Phase Crystallization
Purified CCR5-[5P7]CCL5 was reconstituted into lipidic cubic phase (LCP) by mixing with molten lipid using a mechanical syringe mixer (Caffrey and Cherezov, 2009 ). The protein-LCP mixture contained 40% (w/w) receptor-chemokine complex solution, 54% (w/w) monoolein (Sigma) and 6% (w/w) cholesterol (Sigma). Crystallization trials were performed in 96-well glass sandwich plates (Hampton Research) using a Mosquito LCP robot (TTP Labtech) by dispensing 35 nL of protein-laden LCP and 800 nL of precipitant solution per well. Plates were incubated at 20 C and imaged using a Rock Imager 2 (Formulatrix). The final crystallization condition contained 30% (v/v) PEG 400, 140 mM lithium citrate, 1.2% (w/v) 1,5-diaminopentane dihydrochloride, 100 mM 2-(N-morpholino) ethanesulfonic acid at pH 6.3. Crystals usually grew to a maximum size of 70 mm x 20 mm x 10 mm in 10 days, after which they were harvested directly from the LCP matrix using MiTeGen micromounts and flash cooled in liquid nitrogen.
Data Collection and Structure Determination X-ray diffraction data were collected using a 5 mm collimated minibeam at a wavelength of 1.0332 Å with a Pilatus3 6M direct detector on the 23ID-D beamline (GM/CA CAT) of the Advanced Photon Source at the Argonne National Laboratory. Crystals were located and aligned by the rastering strategy ). Most crystals diffracted to 2.2-2.5 Å resolution when exposed to 0.3 s of unattenuated beam using 0.3 oscillations. To mitigate radiation damage, a continuous (helical vector) data collection mode was employed (Stepanov et al., 2011) . A 99.1% complete dataset at 2.2 Å resolution was obtained by merging data from 10 crystals, using XDS (Kabsch, 2010) and Aimless . As the data showed strong anisotropy, the UCLA Diffraction Anisotropy Server (http://services.mbi.ucla.edu/anisoscale/) was used to performs ellipsoidal truncation of the data to the recommended resolution limits (2.3 Å , 2.9 Å , and 2.2 Å along the a*, b*, and c* axes, respectively), to anisotropically scale the data, and to apply negative isotropic B-factor correction (Strong et al., 2006) . Initial phase information was obtained by molecular replacement with the program Phaser (McCoy et al., 2007) using three separate components, the receptor structure (PDB accession number 4MBS), the rubredoxin structure (PDB accession number 1IRO), and the [1P2]CCL5 chemokine structure (PDB accession number 2VXW) as search models. The correct molecular replacement solution (translation function Z-score = 27.9) contained one CCR5-rubredoxin molecule and one [5P7]CCL5 molecule in the asymmetric unit. Refinement was performed with Refmac and Phenix (Adams et al., 2010) followed by manual examination and rebuilding of the refined coordinates in the program COOT (Emsley et al., 2010) using both j2Foj À jFcj and jFoj À jFcj maps. The final model included 295 residues (16-223 and 227-316) of the 352 residues of CCR5, residues 1-54 of rubredoxin, and 5P7[CCL5] from residue pGlu0 to M67. The remaining N-and C-terminal residues of the receptor and the C-terminal residue of [5P7]CCL5 were disordered and therefore not built. Data collection and refinement statistics are shown in Table S1 . Placement of key regions of [5P7]CCL5, such as the first 11 residues of the N terminus and 30s loop ( Figure 1D ), was additionally verified by separately omitting these regions and generating composite omit maps in Phenix, using simulated annealing with bulk solvent exclusion.
Buried Surface Area Calculation
Buried surface area in CCR5-[5P7]CCL5, US28-CX3CL1, and CXCR4-vMIPII complexes was calculated using the PISA software (Krissinel and Henrick, 2007) which is also a part of the CCP4 package . The reported number is the average buried surface area per molecule. Hydrogen atoms were not included in the calculation.
Molecular Modeling of the CCR5-CCL5 Complex
Models of the CCR5 complex with WT CCL5 were built in the ICM software package (Abagyan and Totrov, 1994) . The stabilizing G163 4.61 N mutation was reverted back to WT prior to modeling. The position and orientation of the globular domain of WT CCL5 with the respect to the receptor was replicated from the CCR5-[5P7]CCL5 complex. Full conformational flexibility (backbone and sidechain) was allowed for the chemokine N terminus and 30s-loop, as well as for the sulfo-tyrosinated receptor N terminus. Models of CRS1 and CRS2 interactions were built separately, each in two stages: one employing 3D grid potentials and another full-atom representations of all components.
For CRS2 modeling, the receptor binding pocket was first represented with a set of grid interaction potentials, including the potentials for van der Waals, electrostatic, hydrogen bonding and apolar surface interactions (Totrov and Abagyan, 2001) . The N terminus and the 30s-loop of the chemokine (residues 1-SPYSSDTTPCC-11 and 31-SGKCSNP-37, respectively) were built ab initio. An explicit disulfide bond was imposed between C10 and C34; residues C10, C11, S31, C34 and P37 were tethered to the corresponding residues in the template. Five water molecules coordinated by the 30s-loop residues, one coordinated by Y89 and C178 of the receptor, and one coordinated by S180 were copied into the model from the template, with their oxygen atoms tethered to template positions. The system including the N terminus, 30s-loop, and water molecules was thoroughly sampled in the receptor potential grids to generate a stack of diverse energetically favorable conformations. For the second stage, the obtained conformational stack was merged with the full atom model of the receptor, and at least 10 8 steps of Monte Carlo optimization were performed allowing for the same level of flexibility in the chemokine fragments and water molecules with added full flexibility of receptor binding pocket sidechains. Three to five top scoring conformations were inspected visually. The selection of the final conformation took into account consistency between multiple simulations, compatibility with one-residue N-terminal extension of the chemokine, and agreement with prior mutagenesis.
For CRS1 modeling, the chemokine was first represented with a set of 3D grid interaction potentials. The receptor N terminus (residues 13-NsYsYTSEPC-20) was built ab initio and its conserved cysteine (C20) was tethered to the corresponding residue in the template. The N terminus was thoroughly sampled in the chemokine potential grids to generate a stack of diverse energetically favorable conformations. The obtained stack was merged with the full atom model of the chemokine, and another 10 8 steps of Monte Carlo optimization were performed, allowing for the same level of flexibility in the receptor N terminus with added flexibility of chemokine interface sidechains. For final model assembly, top scoring conformations of receptor and chemokine fragments were merged with the remaining parts of both molecules into an intact complex, and another short round of side-chain refinement was performed to remove steric conflicts resulting from the merge.
Inaccuracies are to be expected in the CCR5-CCL5 model because of the exclusion, for practical reasons, of water molecules at the bottom of the binding pocket, as well as the use of fixed positions of the receptor helices in an inactive state structure. Despite these caveats, the final model recapitulates a large body of mutagenesis data. The benefit of having the CCR5-[5P7]CCL5 structure as a template enables a more complete and accurate CCR5-CCL5 model than could be obtained by NMR studies focused on CRS1 interactions (Duma et al., 2007) or by homology modeling based on more distant templates (Tamamis and Floudas, 2014) .
Molecular Modeling of the CCR5-gp120 Complex
Models of CCR5 complex with a fragment of HIV gp120 were also built in ICM (Abagyan and Totrov, 1994) . As for CCR5-CCL5 model generation, the stabilizing G163 4.61 N mutation was reverted back to WT prior to modeling.
Construction of the ensemble of CCR5-gp120 models was hypothesis-driven and based on the observed features of the CCR5-[5P7]CCL5 structure. A full atom docking module was assembled from (i) the N-terminal part of the gp120 V3 loop (residues C296-G310, residue numbering as in Figure S5 ), (ii) the C-terminal part of the gp120 V3 loop (residues G312-C330), (iii) gp120 residues C378-C385, (iv) the gp120 C4 region (residues C418-C445), and (v) the sulfotyrosinated N terminus of CCR5 (residues 8-20). Explicit disulfide bonds were imposed between gp120 residues C296 and C330, C378 and C445, C385 and C418. Five backbone hydrogen bonding distance restraints were set to maintain the b sheet arrangement between the N-terminal part of V3 (residues C296-R298) and the surrounding strands of the gp120 module, as observed in CD4-bound gp120 (C296 O to C445 N, R298 backbone N/O to I443 backbone O/N, respectively, and T297 backbone N/O to H329 O/N, respectively). The backbone atoms of V3 residues G310 and G312 (except the G312 carbonyl) were tethered to the corresponding atoms of residues G1 and P3 of [5P7]CCL5. The side-chain of residue C20 of the CCR5 N-terminal peptide was tethered to its position in the CCR5-[5P7]CCL5 structure. For receptor sulfotyrosines, a set of soft harmonic distance restraints was imposed in two alternative modes: one to promote proximity of the sulfate groups on CCR5 sY10 and sY14 to the sidechains of gp120 R298 and R304, respectively, and another to promote proximity of the sulfate group on CCR5 sY14 to the sidechain of gp120 R298. The remaining parts of the receptor (residues 21-316) were represented with grid potentials as above.
In the course of the sampling, full conformational flexibility was allowed for residues C296-R326 of gp120 and the entire receptor N terminus; for all other residues in the gp120 module, only side chain flexibility was allowed. The system was built using gp120 sequences of three representative strains: YU2, BaL, and KNH1135. The initial conformation of the gp120 module was replicated from the CD4-bound structure of gp120 (PDB 2QAD (Huang et al., 2007) ). The system was thoroughly sampled (at least 10 10 Monte
Carlo optimization steps) in internal coordinates using two random starts for each strain. Top scoring conformations were inspected visually.
QUANTIFICATION AND STATISTICAL ANALYSIS
Prism v.5.0 (GraphPad Software Inc.) and Rotor-Gene Q -Pure Detection v. 2.0.3 (QIAGEN) were used to analyze DSF data.
DATA AND SOFTWARE AVAILABILITY
The coordinates and structure factors for the CCR5-[5P7]CCL5 complex structure have been deposited in the Protein Data Bank under accession code 5UIW. Coordinates of the CCR5-CCL5 complex model are provided as supplementary Data S1. Coordinates of CCR5-gp120 complexes are available from the authors upon request.
